Ab initio quantum chemical computations at the Hartree-Fock 6-3Ig** level of theory were performed on pterin, 7,8-dihydropterin and 5,6,7,8 -tetrahydropterin. The resulting electronic charge density functions and the electrostatic potential functions of the molecules are visualized by graphical software. The results demonstrate the profound changes in electronic properties among these structurally closely related compounds. Our contribution may serve as a basis for deeper insight into the molecular characteristics, also of other chemically or biologically important pterin derivatives of different oxidation state.
Introduction
Not surprisingly, numerous examples exist which demonstrate the profound effect of the presence of a dihydro or tetrahydro structure on chemical and biological functions exerted by pterin derivatives. To name just a few striking examples recently described: while reduced pterin derivatives such as, e.g., 7,8-dihydroneopterin or 5,6,7,8-tetrahydrobiopterin are strong scavengers of luminol-dependent chemiluminescence induced by oxygen or chlorine free radicals, their aromatic counterparts neopterin and biopterin strongly enhance light output from such systems (1, 2) . Similarly, aromatic pterins enhance growth inhibitory effects § Correspondence address: Dr. Gilbert Reibneggcr, Medizinisch-Chemisches Institut & Pregl-Laboratorium, Karl-Franzens-Universitat, Harrachgasse 21/II, A-8010 Graz, Austria. Tel: +43-316-380-4160, Fax: +43-316-380-9610, e-mail: gilbert.reibnegger@kfunigraz.ac.at This paper is dedicated to Prof Wolfgang Pfleiderer. of free radical generating disinfectants such as hydrogen peroxide or chloramine-Ton bacteria, but the reduced derivatives efficiently suppress bacterial growth inhibition by the same chemicals (1, 3) .
While we have good evidence that scavenger effects of reduced pterins are generally accompanied by chemical reduction of the free radicals involved, the observed enhancer effects remain wlexplained (4). Transition metal ions seem to be somehow involved (5) but no definite explanation has been given.
By these and other recent observations, we have become interested in a more detailed insight into the electronic structure of pteridine derivatives. As an initial step, we have performed ab initio calculations on pterin and its reduced counterparts, 7,8 -dihydropterin and 5,6,7,8-tetrahydropterin. The aim was to elucidate details of the electronic charge densities and particularly of the electrostatic potentials of these substances serving as '"model compounds" for other chemically or biologically important pteridine derivatives.
Methods

Construction of molecular structures
Computer representations of the molecular structures were generated using the program Hyperchem Release 4 for Windows (Hypercube Inc., Waterloo, Ontario), and their geometries were optimized using molecular mechanics employing the built-in MM+ force field.
Ab initio computations
All ab initio computations were performed using the quantum chemical program package Gaussian 94 (G94; Gaussian Inc ., Pittsburgh, PA) at an INDIGO 2 workstation (Silicon Graphics Austria, Vienna, Austria). Using the optimized geometries generated by Hyperchem in their standard orientation provided by program G94, a Hartree Fock (HF) 6-3Ig** computation was done to compute the electronic properties. Electronic charge density functions and electrostatic potentials were obtained in a cube with the following dimensions: space coordinates x, y, and z starting from -0.5700 nm and extending to +0 .5700 nm with a step size of 0.012 nm. Thus, a 96 X 96 X 96 grid was produced, and the properties were computed at each of these 884736 grid points. (To demonstrate the electronic situation at specific nitrogen atoms in greater detail, similar but smaller cubes were placed around these desired atoms; also here, 96 X 96 X 96 grid points were computed, but the step size was reduced by a factor of 5 to 0 .0024 nm).
Visualization of results
The visualization of the resulting II MB data files containing the electronic charge densities or electrostatic potentials at each grid point, was achieved by the program AVS Express (Advanced Visual Systems Inc., Manchester, U.K.) using a desktop personal computer (pentium, 166 MHz, 64 MB RAM) under Microsoft Windows 95. This new program enables one to plot, e.g., isodensity surfaces and isolines computed from a three-dimensional array of data. functions of the compounds investigated by means of contour plots with isolines starting at a charge density value of 0 .05 to 0 .50 a .u . in steps of 0.05 a.u . The contour plots very clearly represent the chemical structures. Overlaid to these contour plots are isodensity surfaces at charge density values indicated in the Figure legends. These isosurfaces were chosen particularly to indicate the dramatic difference between variolls nitrogen atoms in the molecules, namely, those resembling a pyrrole-like nitrogen and those similar to pyridine nitrogens. In pterin ( Figure I ), for example, nitrogens N2' and N3 are typical pyrrole-like nitrogens with a lone pair oriented perpendicularly to the aromatic ring, underscoring the fact that these lone pairs are involved in the aromatic 1t electron system. The lower panel in Figure 1 demonstrates this feature particularly clearly; here, a front view of the molecule is shown in which the viewer's eye is positioned in the molecular plane. There is charge density above and below the atoms N2' and N3. In contrast, NI, N5 and N8 in pterin do not show a 1t-like electron density; rather, electron density is located within the molecular plane. Figure 4 demonstrates these two typical occurrences of nitrogen atoms in pterin derivatives in more detail: Nl (pyridine-like nitrogcn) and N3 (pyrrole-like nitrogen) of pterin are computed with thc higher level of resolution (see Methods). Here, besides the inner core of electron density which is common to both typcs of nitrogcn atoms (as well as to, e.g., carbon and oxygen atoms) thc accumulation of electronic charge below and above the molecular plane in a pyrrolelike nitrogcn is casily recognized, while the pyridinc-like nitrogen shows a prominent cloud of electronic charge (corresponding to the lone pair of nitrogcn) within the molecular plane , The latter nitrogen atom type is, of course, a much strongcr base than the former. rance of the electrostatic potential functions surrounding pterin and its reduced derivatives. In the center of each figure, contour plots represent the electrostatic potential within the molecular plane (thin lines, positive potential; thick lines, negative potential). The molecules themselves are shown by black isosurfaces representing the electron density function at a value of 0.10 a.u. Grouped around these centers, there are several views of the molecules in which the full three-dimensional character of the electrostatic potentials is represented by isopotential surfaces at various levels of negative potential.
Results
Electronic charge density functions
Electrostatic potential functions
The figures demonstrate that in reduced pterins, particularly in the region between Nl and N8, the spatial extension of negative potential is dramatically reduced in comparison with pterin. ules show strong and spatially extended negative potential. While pterin and 7,8-dihydropterin are planar, 5,6,7,8-tetrahydropterin is not, and as a consequence, the symmetry of electrostatic potential about the molecular plane is lost. Therefore, the figure shows the appearance of the electrostatic potential function for both sides of the molecular plane.
Discussion
The striking increase m computer power In terms of speed and storage capabilities as well as the tremendous improvement of graphical possibilities allows one to inquire into and to visualize the electronic structure and the electrostatic properties of moderately-sized molecules as pteridine derivatives with high-quality ab mUw quantum chemical techniques. Such new insight into 
(E).
Tetrahydropterin is no longer planar in its pyrazine moiety. Therefore, the electrostatic potential function is asymmetric with respect to the molecular plane . Thus, for R to D, two orientations each are shown . the intimate details of electronic charge density, bonding behaviour, and reactivity of molecules may support better understanding of the chemistry of these compounds.
The present study sheds some new light on a technical issue: in earlier computations involving pteridine derivatives (6-8), we recognized several serious deficits of the popular semiempiric quantum chemical methods like AMI and PM3, with regard to the description of pteridines: these methods are, e.g., unable to reproduce the planar geometry of the nitrogens N2 '; when doing a geometry optimization with AMI or PM3, these atoms become pyramidal instead of planar, and consequently, the two hydrogens bonded to the N2 ' atom no longer remain in the plane of the aromatic ring system. In other words, these techniques fail to recognize the NH2 group at C2 as part of a vinylogous amide system. Our analyses show unambiguously that the electron density of N2' is similar to that of pyrrolelike nitrogens (or, to aminobenzene-like nitrogens). Notably, most empiric molecular mechanics force fields like MM + are parametrized in a way as to produce the correct result, namely, a planar nitrogen with the lone pair taking part in the aromatic 1t-electron system. It should be noted that a full ab initio geometry optimization using a suitable basis set such as 3-2Ig* also predicts a planar structure of nitrogen N2' (unpublished results).
As a consequence, we generally recommend caution when interpreting the results of semiempiric methods employed for pteridine derivatives.
Another interesting finding is the electronic density distribution at N8 in 7,S-dihydropterin and at both N5 and N8 in 5 ,6,7,S-tetrahydropterin: despite in these molecules the aromatic character of the pyrazine moiety of the pterin ring system is destroyed, these nitrogens remain situated within the molecular plane, and their lone electron pairs interact with the aromatic 1t-electron system in essentially the same way as is the case for N2' and N3. Thus, a reasonable description of these species in terms of Lewis formulas certainly must include mesomeric structures such as those shown in Figure S. 
